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Abstract 
The development of new gauges and alternative calibration and verification techniques applied to articulated arm coordinate measuring 
machine (AACMM) has been approached in different ways. In this work the analysis of the use of a laser tracker (LT) as reference instrument 
in calibration and verification procedures for AACMM together with an indexed metrology platform (IMP) replacing the conventional one-
dimensional gauges is presented. This technique avoids the need of materializing the length required in a conventional gauge, increasing the 
flexibility for defining test positions and broadening the definition of reference lengths depending on equipment calibration or verification 
requirements. The use of the IMP in this verification procedure enables a reduction of testing time and space needed in the data capturing 
process. The results obtained showed the suitability of the proposed procedure using the LT as reference instrument. 
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1. Introduction 
The development of new methods for calibration and verification of AACMM is under research and it is a matter of interest as 
there are infinite ways of measuring a point with an AACMM. All these methods make use of gauges to establish the reference 
dimensions that will allow the estimation of the error in the measuring process. Usually, one dimensional gauges as ball bars that 
materialize the reference lengths required are employed. But the physical nature of the gauge itself, imposes limitations on the 
number of distances to be defined in the tests, being the number of reference lengths restricted to the gauge length or to distance 
combinations between gauge sphere centers. Sometimes, several gauges should be used in the same testing procedure to increase 
the number of test lengths. In this work and in order to develop alternative calibration and verification techniques applied to 
AACMM, the analysis of the use of a laser tracker as a reference instrument in these procedures replacing conventional one-
dimensional gauges as ball bars is presented. This technique avoids the need of materializing the length required in a 
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conventional gauge, increasing the flexibility for defining test positions and broadening the definition of reference lengths 
depending on the equipment calibration or verification requirements.  
Extensive literature regarding AACMM calibration, verification techniques and types of gauges in these procedures has been 
developed by multiple authors. One dimensional gauges are commonly used due to their portable condition, which allows to 
define several testing positions in calibration and verification procedures of AACMM. The definition of testing positions should 
be made trying to cover the maximum range of the AACMM working volume. The reference standards applicable for AACMM 
evaluation procedures are the standard ASME B89.4.22-2004 [1], the technical recommendation VDI/VDE 2617-2009 part 9 [2] 
and the draft of ISO/CD 10360 part 12 -2014 [3], being all of them taken into consideration in this work. As previously 
mentioned, ball bars are extensively used in AACMM calibration and verification procedures due to its flexibility, high precision, 
low cost and easy use concept in comparison with other gauge types [4,5]. Verification standards [1–3] used this type of gauges 
in their specified testing protocols. Kovac and Frank [6] developed a new high precision measuring device for AACMM testing 
and calibration based on laser interferometer measurements along a line gauge beam. Santolaria et al. [5,7–10] reported methods 
to calibrate an AACMM based on the Denavit-Hartenberg kinematic model parameters [11] that are optimized by measuring a 
calibrated ball bar gauge located at different orientations and positions of the AACMM working volume. The use of kinematic 
seats in AACMM’s calibration procedures is extended and shows advantages in comparison with other gauges as presented in 
[12], where kinematic seats are used for estimating the repeatability of the arm. Piratelli [13], [14], is one of the authors that 
introduces the concept of virtual geometry gauges, virtual ball bar or virtual sphere plate gauge, to evaluate the performance of 
AACMMs. With the virtual sphere technique, a reduction in the number of test positions specified in the standards [1], [2] and 
[3] and an increase in the efficiency of the verification procedure for AACMMs could be achieved. Gonzalez et al. [15], [16] 
proposed the use of a virtual circle instead of virtual spheres for AACMMs evaluation. They present a virtual circle gauge 
methodology where the virtual circles are determined with four groups of three conic holes mechanized in two aluminium alloy 
bar gauges of 1000 mm length. Cuesta et al. [17], develop as well a multiple geometry gauge for AACMM’s verification and 
calibration, manufactured with conic holes on each gauge sides that will allow the measurement of distances between centers and 
diameters of the virtual spheres defined by the conic holes. High range portable measuring equipment as laser trackers have been 
already used for CMMs evaluation of its geometrical errors and calibration, as could be found in bibliography related [18] and 
[19]. 
In this work, it is proposed the use of a laser tracker as reference measuring instrument for AACMM calibration and 
verification procedures. This will be achieved using a laser tracker and a mesh composed of spherically mounted retroreflectors 
(SMRs) as targets. The distance between the centers of any two SMRs will materialize the reference lengths to be measured by 
the laser tracker, which will be considered as the calibrated lengths to be compared with the distances obtained out of the 
AACMM measurement of the same mesh of targets. 
2. Experimental procedure 
The equipment used during the experimental phase were the following: a laser tracker Leica LTD600, an articulated arm 
coordinate measuring machine Faro Platinum with a diameter measuring volume of 2.4 meters and a 2-2-3 measuring 
configuration type, an indexed metrology platform (IMP) and six spherically mounted retroreflectors (SMRs) model Hallow 40M 
with diameter 1.5” (38.1 mm). The six SMRs were distributed in a mesh whose area represents the measuring working volume of 
the AACMM and corresponds to a 60º angle turned by the IMP when changing from one position to the following. 
Product specifications of the laser Leica LTD600 shows an angular accuracy of ± 25 μm for distances below 2.5 m and fixed 
target, ADM accuracy of ± 25 μm and IFM accuracy of ± 10 μm ± 0.5 μm/m.  In order to assess the equipment’s accuracy 
specifications submitted by the manufacturer and to validate its proper use as reference equipment in calibration processes for 
AACMMs, experimental tests with the laser tracker Leica LTD600 were also carried out in this work, by means of simultaneous 
interferometer measurements on a linear guide where different distances were measured with both measuring instruments. The 
mean distance error value ± 0.005 mm, calculated as the difference between the LT and interferometer distance measurements 
obtained in the tests in case of test lengths below 1200 mm, validates its use as a reference instrument in the verification 
procedures for AACMMs with measurement accuracy beyond 50 μm. It is proved with these tests that the real accuracy of the 
laser tracker obtained in the experimental procedure, ± 0.005 mm, is better than the one specified by the manufacturer in the 
product specification for the model Leica LTD600D, ± 10 μm ±0.5 μm/m, corresponding to an accuracy of ± 10.6 μm for a 1.2 m 
length. The positioning of the SMRs into six different locations was made according to the height where the SMR is placed (low, 
medium, high) corresponding the lowest height to the ground, and the distance from the SMR to the AACMM’s working volume 
center, which was classified as near and far. Table 1 shows the six different locations of the SMRs. The test set up including the 
laser tracker, AACMM, indexed metrology platform and SMRs mesh is shown in Fig. 1. 
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Table 1. Definition of SMR locations in the test. 
SMR number Height Distance to the AACMM 
1 High Far 
2 Medium Far 
3 Low Far 
4 High Near 
5 Medium Near 
6 Low Near 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Positioning of SMRs, AACMM and laser tracker in experimental test set up 
2.1. AACMM verification procedure with the indexed metrology platform IMP 
The use of an indexed metrology platform (IMP) is studied in this work as an alternative method to evaluate the volumetric 
accuracy and repeatability of AACMMs. Brau et al. [20], proposed the use of this platform with a mechanical repeatability of 0.7 
μm, whose main advantage resides in the possibility of generating fixed points in a global coordinate reference system. The 
measuring instrument, AACMM in this case, is placed on the IMP upper platform rotating into the six positions of the platform 
throughout the verification procedure, enabling a great coverage of the AACMM working volume and the definition of a broad 
number of testing positions. Meanwhile the calibrate gauge object remains fixed during the verification. The use of the IMP 
shows a clear testing time and man efforts reduction up to 75% in comparison with conventional verification procedures. 
Moreover, not only testing and set up times are reduced with the use of the IMP, but also the space needed in the data capturing 
process is diminished since the number of physical testing positions of the gauge are minimized. 
2.2. AACMM performance test 
The experimental procedure starts with the measurement of the SMRs with the laser tracker. Beginning with the position 1 and 
according to Table 1, we measured with the laser tracker all the SMRs located in the six different locations capturing the SMR’s 
center coordinates. The measurements were carried out with IFM and aligning the laser tracker in order to minimize the laser 
tracker head rotation. The center data along with the SMR’s diameter and the Euclidean distance between the centers will be 
considered as the calibrated values in the verification procedure of the AACMM. The positioning of the SMRs in the mesh taken 
as reference from the measurements made with the laser tracker is shown in Fig. 2 (a). 
After measuring the SMRs with the laser tracker, we measured the SMRs with the AACMM. First of all, we measured the 
three reference spheres located in the mobile IMP upper platform. Hence, the homogeneous transformation matrix (HTM) that 
links the AACMM’s coordinate reference system and the mobile upper platform’s reference system was calculated. 
Simultaneously to the AACMM measurement, the capacitive sensors readings are saved. These values will allow the calculation 
of the global coordinate reference system transformation matrix from the upper platform to the lower platform of the IMP. 
Afterwards and for each position of the IMP (1-6), the measurement of the six SMRs located in the six fixed locations is carried 
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out, not moving the SMRs from their original location in the laser tracker measurement process. The location of the SMRs in the 
mesh for each of the six positions of the IMP, according to the AACMM’s measurement with the SMRs’ center coordinates 
expressed in the fixed lower platform reference system (global reference system) are shown in Fig. 2(b) and Fig. 2(c) 
respectively. All the tests were carried out twice in order to foresee the influence of the operator in the AACMM’s measuring  
process. Fig. 2(b) represents the measurements of the operator 1 and Fig. 2(c) of the operator 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. SMRs positioning in the mesh according to laser tracker (2a) and AACMM measurement with Operator 1 (2b) / Operator 2 (2c) for IMP positions (1-6)  
 
Once all the SMRs are measured with the laser tracker and the AACMM, the values obtained are compared and the error 
calculation is estimated in two different ways. First, an evaluation of the AACMM accuracy in terms of size test was carried out. 
This evaluation is similar to the probing error of the size test specified in the standards [1], [2] and [3], in which the diameter of 
the SMR is measured. The calibrated reference values was the nominal diameter of the SMR given by the manufacturer, 1.5” 
(38,1 mm) and the largest deviation from the SMR calibrated value is reported as maximum deviation (di-dCal), being di the 
diameter of the SMR measured by the AACMM and dCal the calibrated diameter. Second, a calculation of the distance error 
which shows the volumetric accuracy of the AACMM in all its working volume was performed. In this way, the distance 
between the centers of any two SMRs measured with the laser tracker (LCal) and with the AACMM (Li) is calculated. Then the 
distance error Di, will be the difference between Li and LCal, where the value measured with the laser tracker is considered as 
reference in this analysis. In this work, we calculated 15 distances between the six SMRs’ centers, as seen in Table 2: 
Table 2. Distance between SMRs centers matrix 
SMR origin SMR1 SMR2 SMR3 SMR5 SMR6 
Distances 
1-2 2-3 3-4 4-5 5-6 
1-3 2-4 3-5 4-6  
1-4 2-5 3-6   
1-5 2-6    
1-6     
 
As a final result of this test, three parameters are obtained, the maximum distance deviation among tests positions Max Di (Li – 
LCal), the range of the distance deviations and a mean deviation 2RMS calculated as twice the root mean square of the deviations 
out of all the test positions. 
3. Results 
The results obtained in the experimental tests allow us to evaluate the suitability of a laser tracker for AACMM calibration and 
verification procedures. As mentioned in chapter 2, first we carried out the evaluation of the probing error for the size test, 
defined as the difference between the diameters measured by the AACMM di and the nominal dCal 1.5” (38.1 mm). Second, the 
evaluation of the AACMM’s distance error by means of a volumetric performance test is performed. Thus, the distance between 
the centers of any of two SMRs measured with the laser tracker and with the AACMM is obtained. The distance error Di will be 
calculated as the difference of the distance between SMRs’ centers measured with the arm Li and the distance between the centers 
measured with the laser tracker LCal. 15 Euclidean distances between the centers of the SMRs are calculated and the nominal 
values obtained with the laser tracker are shown in Table 3. 
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Table 3. Calibrated lengths between SMRs centers measured with laser tracker 
Distances (mm) – Calibrated length 
SMR  SMR  SMR  
1-2 523.8045 2-3 775.0102 3-5 1016.9956 
1-3 1286.0485 2-4 927.2232 3-6 1490.7376 
1-4 1182.3727 2-5 496.1383 4-5 691.9169 
1-5 512.0332 2-6 825.0015 4-6 1124.4904 
1-6 427.8762 3-4 864.5993 5-6 493.8272 
 
3.1. Probing error of the size test results 
As mentioned before, we want to evaluate with this test the error of the AACMM in the measurement of one dimension, 
diameter of the SMR in this case, comparing with its nominal value 1.5” (38.1 mm). For each position of the IMP (1-6), the six 
SMRs positioned in the measuring mesh are measured with seven points captured by SMR, being this procedure repeated for 
operator 1 and operator 2. The results obtained are included below and correspond to the biggest deviation in diameter with 
respect to the calibrated diameter value per position of the platform, the standard deviation per position and the standard 
deviation of all the measurements in the tests, see Table 4. 
Table 4. Probing error of the size test results 
IMP position Standard deviation (mm) Maximum error (mm) 
Position  1 0.0121 0.0205 
Position  2 0.0096 0.0207 
Position  3 0.0098 0.0230 
Position  4 0.0436 0.0925 
Position  5 0.0103 0.0208 
Position  6 0.0102 0.0248 
Maximum  0.0925 
Mean  0.0337 
Total 0.0198  
 
The average of the maximum diameter deviations, (di - dCal), among all the testing positions is 0.0337 mm and the maximum 
deviation 0.0925 mm, which corresponds to the position 4 of the platform. According to the results obtained in the rest of the 
platform’s positions, it seems to be observed a discrepancy in the values of position 4. The standard deviation of all the 
measurements in the test is 0.0198 mm, value which could be considered as reasonable for an AACMM. Furthermore, it is 
included in Fig. 3 the diameter deviation per SMR (1-6) and position of the platform (1-6). The values of deviation with regard to 
the calibrated diameter value are below 0.030 mm for all the SMRs and platform’s positions with the exception of the SMR 1 in 
the capture made for the position 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Probing error of the size (diameter) test results per platform position (1-6) and SMR 
The accuracy of an AACMM is linked to the skill of the operator and in order to show its influence in the accuracy of an 
AACMM measurement, the comparison of two operator’s measurements for the probing error of the size test could be seen in 
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Fig. 4. Operator 1 has three years’ experience with AACMMs meanwhile operator 2 has only half a year experience. According 
to the results obtained the operator 1 seems to be measuring with a higher repeatability among all the testing positions than 
operator 2, with the exception of the position 4 mentioned before. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Probing error of the size test results, diameter deviation per operator 
3.2. Volumetric performance test results 
In the volumetric performance test it was performed a calculation of the distance error which shows the volumetric accuracy 
of the AACMM in most of its working volume. In this way, the distance between the centers of any of two SMRs measured with 
the laser tracker and AACMM is obtained, see Table 1. The distance error Di will be calculated as the difference of the distance 
between SMRs’ centers measured with the arm Li and the distance between the centers measured with the laser tracker LCal. The 
values obtained in the test are shown in Table 5 and correspond to the maximum distance deviation Di, the range of distance 
deviations and 2RMS as twice the mean square root error of all the measurements. 
Table 5. Volumetric performance test results 
IMP position 2RMS (mm) Mean Distance deviation (mm) Max Distance deviation (mm) Distance deviation range (mm) 
Position  1 0.0670 0.0226 0.1043 0.1401 
Position  2 0.0671 0.0243 0.0949 0.1284 
Position  3 0.0603 0.0194 0.0903 0.1348 
Position  4 0.1440 0.0615 0.1388 0.2139 
Position  5 0.0879 0.0243 0.1541 0.1905 
Position  6 0.0782 0.0280 0.1257 0.1859 
Maximum   0.1541 0.2139 
Mean  0.0300   
Total 0.0902    
 
As shown in Table 5, the 2RMS value obtained for all the measurements in the test is 0.0902 mm and the mean distance 
deviation 0.0300 mm. The maximum distance error corresponds to the position 4, as in the previous test, fact that leads us to 
conclude that there could be an error in the measurement in this position of the platform. 
The values obtained in the performance tests described before using a laser tracker as reference instrument and the AACMM 
fixed on the IMP, are then compared with AACMM’s verification results using the IMP and a conventional calibrated ball bar 
gauge. An example of the AACMM verification testing positions is shown in Fig. 5. Furthermore, the results are cross-checked 
with the AACMM volumetric accuracy provided by the manufacturer of the AACMM as could be seen in Table 6.  
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Fig. 5. Example of ball bar gauge test positions in verification procedure with indexed metrology platform. 
Table 6. Volumetric performance test results: IMP - laser tracker, IMP - ball bar and manufacturer data. 
IMP - LT Operator 1 IMP - LT Operator 2 IMP Ball bar gauge AACMM Manufacturer data 
Mean distance error (mm) 0.0300 0.0440 0.0203  
Max distance error (mm) 0.1541 0.1684 0.0902  
Distance error range (mm) 0.2139 0.2541 0.0899  
2RMS (mm) 0.0902 0.1217 0.0591 0.0430 
 
The mean and maximum distance error calculated in the verification of the arm using the IMP and a ball bar gauge are 0.0203 
mm and 0.0902 mm respectively, meanwhile the values obtained in the verification tests with the laser tracker are 0.0300 mm and 
0.1541 mm for the operator 1, and 0.0440 mm and 0.1684 mm for the operator 2. The 2RMS values in the tests with the laser 
tracker are 0.0902 mm and 0.1217 mm for operator 1 and 2, while in the evaluation with the IMP and the conventional gauge 
adopts a value of 0.0591 mm. The data provided by the manufacturer of the AACMM is 0.0430 mm. The results obtained with 
the operator 2, less experienced than operator 1, showed bigger mean, maximum, range and 2RMS distance error values, proving 
the influence of the skills of the operator in the quality of the measurement with the AACMM. 
4. Conclusions 
Attending to the results obtained in the experimental phase developed in this work, it could be concluded that a laser tracker 
could be validated as reference instrument for AACMM calibration and verification procedures, considering the accuracy of the 
AACMM to be evaluated but also assuring the laser tracker’s accuracy by means of its proper calibration. The tests carried out 
were the probing error for the size and the volumetric performance test. The technique increases the flexibility for defining test 
positions and broadens the definition of reference lengths depending on equipment calibration or verification requirements, 
provided that there is no physical gauge apart from the SMR’s mesh that will be used for defining the reference lengths measured 
by the laser tracker. It is worth mentioning that the usage of a laser tracker as a reference instrument together with the IMP with 
its advantages, allows to evaluate a larger working volume of the AACMM, reducing even more the time and man efforts 
required for AACMM calibration and verification procedures.  
The values obtained in the volumetric performance test, using a laser tracker as reference instrument and the AACMM 
assembled on the IMP, were also compared with AACMM’s volumetric performance results using the IMP and a conventional 
calibrated ball bar gauge in the arm verification procedure, obtaining comparable mean and maximum distance errors with both 
verification procedures, fact that remarks the feasibility of the laser tracker usage as a reference instrument. In addition the mean 
error values calculated with both techniques were cross checked with the manufacturer volumetric accuracy data given in the 
AACMM’s datasheet. The influence of the skills of an operator in the AACMM’s measurement accuracy, was assessed by the 
comparison of the probing error of the size and volumetric performance test results by two operators with different measuring 
experience with AACMMs. 
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